ABSTRACT
INTRODUCTION
Since the successful adaptation of the triester method " to the synthesis of oligonucleotides in solution it has become the most widely used method in this area. The general method has recently been used to prepare A oligonucleotide sequences of biological importance.
In addition nucleotide triesters have been used as probes of the structure a and function of nucleic 5b c acids in biochemical experiments. ' It has therefore become of interest to develop procedures for the preparation of nucleotide triesters having a variety of groups as the third group at the phsophate.
We have been exploring the technology of the triester method for some time. In this report we wish to describe in detail the use of tetrabutylammonium fluoride (TBAF) as a means of deprotecting phosphotriesters and also for the rapid production of triesters having a variety of groups on phosphate. We will also describe the synthesis of a novel nucleotide analogue where two strands are "bridged" through the phosphate esters of the two chains. Some of these results have appeared in preliminary form.
DISCUSSION
One of the serious problems with the phenyl groups as phosphate protecting groups during nucleotide synthesis has been the removal of these groups at the end of the synthetic sequence (for a discussion of the problem see reference 7). The most serious aspect of the problem is base catalized chain-cleavage.
With trichloroethyl groups deprotection occurs o using various activities of zinc in a variety of solvents. While deprotection has generally appeared to be good to excellent in this area a deprotection procedure not involving metal ions was desired.
We investigated the fluoride ion as a potential reagent for the deprotection of a variety of phosphate triesters. While fluoride ion rapidly deprotects phenyl, trichloroethyl and cyanoethyl triesters it often leads to chain cleavage to the extent of 5-15% in the case of dinucleotides.
However the use of fluoride ion has allowed the synthesis of a number of nucleotide derivatives including mixed triesters of mononucleotides and nucleotide phosphofluoridates.
Deprotection of Mononucl eoti de Triesters Using Fluoride Ion
For the removal of phosphate protecting groups we investigated two different solutions of fluoride ion. Reagent I was basically our g standard solution for the removal of alkylsilyl groups from nucleosides and nucleotides and consisted of 0.17M BU4NF in anhydrous THF. Reagent II was similar to that employed by Narang and consisted of 0.17M Bu.NF in a solution of THF-pyridine-H-O (12:1:1). Reagent I requires only 30 min for complete reaction while Reagent II reactions are normally complete within 24 h. The two reagents often lead to different product distributions.
In our early experiments with Reagent I we had not detected any internucleotide bond breaking. However some such cleavage actually occurs. The reason we missed it appears to be due to the fact that tetraalkylammonium salts have a marked influence on the chromatographic mobility of nucleotides. For example the direct application of a Reagent I solution containing a mixture of thymidine (10%), thymidine-3 1 -phosphate (Tp, 10%) and thymidylyl-(3'-5')-thymidine (TpT, 80%) to Whatman 3MM paper and development in solvent A often leads to no separation of components. However, if after evaporation of THF, the mixture is passed through a column of Dowex 50W-X8, the mixture 12 in the eluant is cleanly separated on Whatman 3MM paper in solvent A.
As will be shown below, fluoride ion treatment results in an average of nearly 10% chain cleavage at an internucleotide link. This observation of chain cleavage caused by fluoride ion has been reported by others for a tetranucleotide.
Such chain cleavage is also reported for the hydroxide ion hydrolysis of these same triesters.
We have also verified the results and find that with ammonium hydroxide.nucleoside-phosphate cleavage occurs to the extent of 3.5% from 1a_ and 19% from 2k-
The mononucleotides studied are shown in Scheme 1_ below and the results are collected in Table 1_ . It is interesting to note that for the bisphenyl esters (la.b)
Reagent II leads to more phosphate-nucleoside cleavage than does Reagent I. Both reagents give excellent conversion ("^80%) of 2i. and 2k into the fluorophosphate 2.. This represents a very easy synthesis of the fluorophosphate which was identical to that prepared by the literature procedure 5 ' 16 . in the case of the bistrichloroethyl esters ]c^ and 2d_» yields of the fluorophosphate were around 35% from Reagent I and near 16% for Reagent II. However Reagent II produced reasonable (702) yields of the monoester 3b_. Both reagents produced around 9% of nucleoside-phosphate cleavage. Another interesting difference between Reagents I and II was the formation of 3',5'-cyclic phosphates (4) from 2k and 2d_with Reagent I (10 and 5% respectively) while Reagent II gave no cyclic phosphate formation. Cyclic phosphate formation has also been implicated in the hydroxide catalyzed hydrolysis of 2k and 2d_.
The phosphate protecting groups can also be removed in ;t-butanol using cesium fluoride. Reactions are slow, usually requiring 30 h at room temperature for phenyl and 50 h for trichloroethyl groups. Using these conditions followed by acetic acid treatment and work-up, results in the conversion of U_ to 2 (68*) and 3a (6%). Compound l£ leads to 2, (10%) and 3b_
(74*).
Deprotection of Dinucleotide Triesters Using Fluoride Ion
Several dinucleotide triesters (Scheme 1) were treated with Reagents I and II to determine the degree of internucleotide chain cleavage. From Table  2_ it can be seen that both reagents cause chain cleavage from phenyl and trichloroethyl triesters. Reagent II leads to slightly less chain cleavage (average 8%) than Reagent I (average 13%). Molecules having a free 5'-hydroxyl group (6b_ and 6dJ reacted with Reagent I to produce some rearranged dinucleotides having a 5'-5' linkage. Such rearrangements have also been observed in similar situations from hydroxide ion deprotection.
This rearrangement does not occur with Reagent II. It is clear from these results and those reported by Reese that neither Reagent I nor Reagent II would be useful for the deprotection of oligonucleotide triesters bearing either a phenyl or trichloroethyl group at the phosphate. TpT (7., 48%) as well as three new nucleotide products. Two of these products (1J_ and 12) were dinucleotides of thymidine (total 40% of UV absorbing products) in which one of the thymidines possesses a cyanoethyl group on N-3. These compounds were not separable and their relative amounts were only determined by enzymatic degradation (snake venom gives T (9_) from 1_2_ and T (10) from |1_; 9^ and ]£ are cleanly separable on chromatography). The third product was compound 1_3 which had a cyanoethyl group on each thymine unit. Apparently the acrylonitrile, which is produced when fluoride ion eliminates the cyanoethyl group from 6f_, is able to alkylate the N-3 of the thymine residues in the nucleotide in the presence of fluoride ion. This alkylation occurs when thymidine derivatives are treated with acrylonitrile and TBAF. For example, 9ais converted to 3-cyanoethylthymidine {]0) in 50% yield. This alkylation is quite similar to the base catalyzed addition of acrylonitrile to pyrimidines including pseudouridine which has been well documented. '
One additional feature that is of interest in the fluoride ion deprotections of nucleotides is shown by the following example. The compound Tp(OH)-Tp(c)>)T was synthesized and treated with Reagent I. After 8 h the starting material was recovered intact. However, 0.2N NaOH (14 h) converted the compound to the free trinucleotide TpTpT. Clearly the presence of a charged phosphate one unit removed from the triester phosphate was sufficient to prevent removal of the phenyl group.
Fluoride Ion Promoted Transesterification on Nucleotide Phosphotriesters.
It was clear from the deprotection studies on mononucleotides that fluoride ion attacked the phosphate to produce phosphofluoridates and eliminate either phenoxide or trichloroethoxide. It seemed reasonable that these intermediate phosphofluoridates could be trapped in alcohol solvents resulting in a net exchange of phosphate protecting groups. This possibility was explored and the results on simple phosphates have been communicated. A preliminary report of a similar exchange in nucleotides has also been reported.
The following discussion describes the detailed studies on mono and dinucleotides. The mechanism may involve intermediate phosphofluoridates or alternatively, in alcohol solution it is possible that fluoride ion through strong hydrogen bonding to the alcohols sufficiently increases the nucleophilicity of oxygen that the alcohol displaces the phenol or trichloroethanol groups directly.
The phenyl group is much more easily exchanged than the trichloroethyl group on phosphate triesters. Thus compound 1_4, when dissolved in methanol, ethanol or r^-butanol containing cesium fluoride (Scheme 3) is converted into SCHEME I
the bisalkyl esters 16a-c in yields of 86%, 88% and 88% respectively. On the other hand with 1_5 one of the trichloroethyl groups is much more easily replaced than the second. Thus compounds l_8a-c are obtained in yields of 71', 75 and 75% respectively when reaction conditions were either 50-53 C for 8-17 h or room temperature for 48 h. The fact that compounds M_ and 1_5 are so readily obtained means that through this exchange reaction a variety of mononucleotide triesters are available. Compounds 1_8 provide an easy route to mixed triesters or to a range of diesters since the trichloroethyl group can be removed without affecting the other alkyl groups.
The exchange of phenyl triesters also occurs readily for dinucleotides. For example in 20_, the phenyl group exchanges at room temperature to yield 2]_a-c in yields of 84%, 79% and 70%. Some loss of the acetyl group is also observed in these reactions and on average 7% of the deacylated derivatives of 20_ were also obtained. The trichloroethyl group is much slower to exchange than phenyl as expected. In fact after 5 days at room temperature the degree of conversion of 20b to 21_ is generally around 50%.
Synthesis of a Unique "Phosphate Bridged" Nucleotide.
We felt that the phosphate exchange reaction provided a rare opportunity for the synthesis of novel nucleotide analogues. One particular goal was the synthesis of a compound such as 72_. Such a structure possesses two nucleotide
»-I 20 a, R=Tr, R'=<|>, R"=Ac (CHU). c, R=Tr, R'=-CH 2 CH 2 CH 2 CH 2 -OH, R"=Ac R-TpT-R" The route to ^2a was very simple. Compound 20a was dissolved in 1,4-butanediol containing cesium fluoride and a 78% yield of 20c was obtained. This compound was deacetylated and detritylated to 20_d which was fully characterized by 13 C NMR ( Table 2 , including its tri TBDMS derivative 20e).
Compound 20c was dissolved, along with a fourfold excess of 20a in a solution of t>butanol-DMF(l :1) containing 10 equivalents of cesium fluorn'de. After 62 h a 30% yield of 2!2a was obtained. A molecular weight determination supported the assigned structure. In addition the compound was detritylated and deacetylated to 22b which was converted to its tetra TBDMS derivative 22c.
Both 22b and 22c were characterized by 13 C NMR. (Table 3 , Figure 1 ) The data in Table 2 When this synthesis is attempted except that 20a is reacted with ethylene glycol, the major product of the reaction is tritylthymidine. Presumably Table 3 13 c Chemical •Tentative assignments; **0bscured by solvent; C-5'y and C-l" were superimposed; ^Unresolved doublet. Nucleosides and their derivatives were detected on paper chromatograms, thin-and thick-layer sheets using a uv light source (Mineralite, output ^254 nm). Compounds containing trityl or p-monomethoxytrityl groups were detected on chroma to graphy by spraying with 102! perchloric acid solution and drying them in a stream of warm air. Imidazole was detected by placing the tic in a jar containing iodine whereupon imidazole turns black very rapidly (within 3 min).
All other general procedures and reagents were as previously described in detail . 9 General Procedure for the Deprotection of Nucleotide Tri esters by Reagent I and Reagent II A. Mononucleotides. The mononucleotide triester (l_a-d, 0.02 mmole) was dissolved in Reagent I (0.18 ml TBAF soln + 0.5 ml THF) or Reagent II (0.18 ml of TBAF soln + 0.5 ml of THF:pyridine:water (8:1:1)). Reactions were stirred at room temperature for 30 min for Reagent I and 24 h for Reagent II. Water was added and the solvents removed at reduced pressure. For ]a_ and l_c, the methoxytrityl group was removed at this stage with 80% HOAc at 85°C for 30 min. Solvents were removed at reduced pressure and the residue was dissolved in water-ethanol (1:1) and passed through a column (Ix35cm) of Dowex 50W-X8 (Na + form) ion-exchange resin. The column was eluted with water (30-35 ml) and the total eluant was collected and concentrated at reduced pressure and applied to Whatman 3MM preparative sheets which were developed in Solvent B'. Nucleotide bands were eluted with water and yields determined spectrophotometrically. Results are summarized in Table 1 -Physical properties of nucleotide products are listed in Table 4_. B. Dinucleotides. The conditions were similar to those in A except that 0.01 mmole of dinucleotide was used and products were isolated in solvent A. Results are recorded in Table 2 . The results of Reagent I and MMT-Tp T-Si are discussed below.
Deprotection of the Cyanoethyl Ester of Thymidylyl-(3'-5')-3'-t-Buty1dimethyl-silylthymidine (Tp CE T-Si)
The protected compound Tp T-Si (6f) was treated with Reagent I under the standard conditions and was applied to Whatman preparative papers which were 815 Table 4_ Chromatographic 266 (234) 267 (236) 266 (234) 266 (234) 266 (234) 267 (234) 268 (234) *A11 nucleotide products were compared directly to authentic materials either prepared according to literature procedures or obtained from Sigma Chemical Co.
"""Obtained using Et^NH-COj buffer, pH 7.5, and reported as mobility relative to thymidine 3'-phospnate (Tp).
developed in Solvent B' for three days. At the end of this time four uv absorbing bands were apparent. The fastest band was present in trace amounts (3%) 2 and was identified from its uv spectrum as 0 ,3'-anhydrothymidine. The slowest moving band was identified as thymidylyl-(3'-5')-thymidine and accounted for 48% of the total uv absorption. Of the two middle bands the faster moving one accounted for 9% of the total uv absorption and was identified as being 3-CE CE cyanoethylthymidylyl-(3'-5')-3-cyanoethylthymidine (1_3_, T pT ). The slower band was a mixture of T CE pT {U} and TpT CE (1_2) accounting for 40% of the uv absorption. Analysis of the reaction mixture by GC at the end of the fluoride ion treatment shows acrylonitrile to be present but cyanoethanol was not detected. For the mixture of T pT and TpT we found the ratio varied from equal re re amounts to a maximum of 70% TpT and 30% T pT depending on the experiment. The composition was easily determined by either enzymatic degradation. For example from snake venom degradation the amount of T was equal to the amount of pT (from T pT) while the amount of T was equal to the amount of pT (from TPT CE ).
Cyanoethylation of 5'-Monomethoxytrity1thymidine
MMT-T (0.5 rranole) and 3 ml of the standard TBAF solution were added to 3 ml of THF. After stirring for 5 min acrylonitrile (1 ml) was added and stirring was continued for 3 1/2 h. The solvents were removed at reduced pressure, the residue was dissolved in chloroform which was then extracted four times with water. The chloroform solution was concentrated to a small volume and applied to TLC plates developed in ether (3X). The product band was eluted with ethyl acetate and after removal of the solvent the residue was heated at 80°C for 20 min with 80S! acetic acid. Solvents were removed at reduced pressure and the residue was applied to TLC plates developed in chloroform-methanol (4:1 
Deprotection of Nucleotide Triesters Using Cesium Fluoride in tert-Butanoi
The nucleotide triester (e.g. ] _ §_ or l _c_, 0.02 mmole) and cesium fluoride (0.2 mmole) were dissolved in t^butanol (1 ml) and the solution was stirred at room temperature. For compounds containing a phenyl triester reaction was complete in 30 h while trichloroethyl esters required 50 h. At the end of this time the solution was concentrated at reduced pressure and the residue was heated at 85°C with 80% HOAc (10 ml) for 20 min. The acetic acid was removed at reduced pressure and the residue was applied to Whatman 3MM preparative sheets which were developed in solvent B 1 . Yields were obtained spectrophotometrically and are recorded in Table 1_ .
The Monophenyl Ester of Thymidyly1-(3'-5')-thymidy1y1-(3'-5')-thymidine (TpTp*T)
Compound l _a_ (53 mg, 0.07 mmole) and 1.04 ml of the standard TBAF solution (0.71 mmole) was added to 5 ml of dry THF and the resulting solution was stirred at room temperature for 1 h. The solvent was removed at reduced pressure and the residue was dissolved in chloroform (10 ml). The chloroform solution was washed with water (4 x 4 ml), dried over Na-SO. and evaporated to leave a gum which was washed well with ether. To this gum was added Tp^T-Si (6b^, 26 mg, 0.035 mmole) and the reagents were dried by evaporation of pyridine (4x2 ml). Triisopropylbenzenesulfonyl chloride (43 mg, 0.142 mmole) was added followed by pyridine (1 ml) and the solution was stirred at room temperature for 37 h. Water was added and the nucleotide was extracted 817 into chloroform, evaporated and taken up to a volume of 25 ml in ethanol as a stock solution.
An aliquot of 6.5 ml of the stock solution was evaporated to dryness and the residue was treated with 80% HOAc at 85°C for 5 h. The solvents were removed at reduced pressure and the residue was applied to Whatman 3MM paper developed in Solvent A. The compound TpTpM (R^ 0.48, Em p 0.25) was eluted with water and obtained as a white solid after lyophilization.
This solid was then treated with the standard TBAF solution (0.14 ml) and 0.5 ml of THF was added. After 8 h electrophoresis showed that only starting material was present. The solvent was removed and the residue was The diphenyl ester of 5'-methoxytri tyl thymi dine 3'-phosphate (]_4_, MMTTp^ij), 110 mg, 0.147 mrnole) was added to anhydrous cesium fluoride (223 mg, 1.47 mmole) in dry methanol (5 ml). The solution was stirred at room temperature for 48 h. The solvent was concentrated to a small volume and the residue was taken up in chloroform (10 ml) which was washed with water (4 x 5 ml). Centrifugation was sometimes employed to break emulsions formed at this stage. The chloroform layer was removed, concentrated to a small volume and applied to TLC plates which were developed first with ether-ethyl acetate (1:1) and then with ethyl acetate. The product MMTpJr (properties recorded in Table 5_ ) was obtained in 86% yield (79 mg). The methoxytri tyl group was removed with 80% acetic acid to give ]_7a_ (Tpjr , Table 5_ Table 5_ ). On detritylation Tp Et Et (l_7b_, Table 5 ) was obtained. The structures of these compounds were proven by an alternate preparation described in (b) below.
(b) Methoxytri tyl thymi dine (514 mg, 1 mmole) was dissolved in pyridine (10 ml) and diethyl chlorophosphate (0.24 ml, 2 mmole) was added and after 24 h at room temperature, water (1 ml) was added. Solvents were removed at reduced pressure and the residue was dissolved in chloroform (50 ml) and the resulting solution was washed first with sodium bicarbonate solution (10 ml, were stirred in dry t^-butanol (13 ml) for 48 h and worked-up as above except that TLC plates were developed first in ether-hexane (3:1) and then in ether.
Rti
The yield of MMT-Tp B was 882 (332 mg, Table 5 Compound 20a_ (342 mg, 0.38 mmole) and cesium fluoride (574 mg, 3.8 mmole) were dissolved in 10 ml of the alcohol being used and the reaction was stirred for 40 h at room temperature. The work-up was carried out as in the exchange of the mononucleotide (14) . Products were isolated from the TLC plates developed first with ethyl acetate and then with ethyl acetate-tetrahydrofuran (1:1). Chromatographic and spectral properties of the dinucleotides are recorded in Table 5 .. Results for individual reactions are summarized below. In addition an average of 7% of deacetylated product was obtained in each of these cases. The structure was confirmed by deacylation of 21a-c to produce the same material.
Exchange of Trichloroethyl Group in Compound 20b (Tr-Tp TCE T-Ac)
These reactions were carried out as above for periods up to 5 days.
Yields of products 21a-c were between 40 and 50%.
The 4-Hydrox.ybutyl Ester of 5'-Trityl thymidyly1-(3'-5')-3'-Acety1thymidine
(ZflcJ Tr-Tp^T-Ac (320 mg, 0.353 mmole) and CsF (536 mg, 3.53 mmole) were suspended in dry 1,4-butanediol (6 ml). Dry THF was added until a clear solution was formed (1-2 ml), the solution was stirred at room temperature for 29 h and then poured into ice water (100 ml). Most of the.precipitate was isolated by filtration through a sintered glass funnel (coarse porosity). The filtrate, appearing as a fine suspension, was then frozen and allowed to melt slowly. After filtration, the aqueous solution was almost perfectly clear. The combined precipitates were dissolved in CHC1, (60 ml) and the solution was extracted once with water (20 ml). The organic layer was collected and evaporated at reduced pressure. The material was applied to silica gel plates which were developed with EtOAc and then with EtOAc-THF (1:1). Compound 20c was obtained in 78% yield (249 mg, 0.27 mmole) as a solid on precipitation from THF with hexane (mp 122-127°C). Compound 20c_ was fully deprotected by successive treatment with concentrated ammonium hydroxide in pyridine (1:1) for 15 h at room temperature followed by 80% aqueous acetic acid at 85°C for 45 min. After purification on TLC plates, the fully deprotected dinucleotide triester (20d) was characterized by CMR. Compound 20d was fully silylated with t.-butyl dimethyl si lyl chloride (TBDMSC1) and this derivative (20e) was also characterized by CMR. Chemical shifts are reported in Table 3_ and the chromatographic and spectral properties of 20c-e are recroded in Table 5_ .
Preparation of the Tetranucleotides (22)
Compound 20c_ (958 mg, 1.06 mmole) and Tr-Tp*T-Ac (20a_, 4.81 g, 5.31 mmole) and CsF (1.61 g, 10.6 mmole) were dissolved in a solution (55 ml) of tertbutanol and DMF (1:1). The solution was stirred at room temperature for 61 h. The solvent was removed at reduced pressure and the residue was dissolved in CHC1, (100 ml). The solution was extracted with water (4 x 25 ml), concentrated at reduced pressure and the residue was applied to a dry column of silica gel (7 cm x 8 cm) which was washed successively with hexane, Et-0 and EtOAc. The reaction products were eluted from the column with THF. Excess dinucleotide diester remained at the top of the column. Attempts to separate the reaction product (22a) from the starting material on TLC plates failed. Therefore Table 3_ . Chroma to graphic and spectral properties of compounds 22a-c are recorded in Table 5 ..
